Fas ligand (FasL) and perforin pathways not only are the major mechanisms of T cell-mediated cytotoxicity but also are involved in homeostatic regulation of these T cells. In the present study, we tested whether CD8 ؉ donor T cells that are deficient in both perforin and FasL (cytotoxic double deficient [cdd]) could induce graft-versus-host disease (GVHD) in a major histocompatibility complex class I-mismatched lethally irradiated murine model. Interestingly, recipients of cdd CD8 ؉ T cells demonstrated significantly greater serum levels of interferon gamma and tumor necrosis factor alpha and histopathologic damage from GVHD than wild-type (wt) T cells on day 30 after allogeneic bone marrow transplantation (P < .05). Wt and either perforin-deficient or FasL-deficient CD8 ؉ T cells expanded early after transplantation followed by a contraction phase in which the majority of expanded CD8 ؉ T cells were eliminated. In contrast, cdd CD8 ؉ T cells exhib- 
Introduction
Graft-versus-host disease (GVHD) is the major complication of allogeneic bone marrow transplantation (BMT). GVHD occurs when donor T cells recognize major histocompatibility complex (MHC) and their associated peptides on host-derived antigenpresenting cells (APCs). [1] [2] [3] The target organs of GVHD are the skin, gut, liver, and lymphohematopoietic compartments. We recently demonstrated that alloantigen expression on host target epithelium is not necessary to initiate GVHD in mouse models of BMT, and inflammatory cytokines play a central role in the CD4 ϩ -mediated GVHD. 4 Interestingly, single cytotoxic-deficient (perforin or Fas ligand [FasL] ) donor T cells can induce CD4 ϩ -mediated GVHD, 5, 6 and recently, studies have demonstrated that cytotoxic doubledeficient (cdd) CD3 ϩ and CD4 ϩ CD8 Ϫ T cells can also effect GVHD in allogeneic minor histocompatibility antigen (mHA) or MHC-disparate BMT models. [5] [6] [7] CD8 ϩ -dependent GVHD is reportedly induced by both cytokine-and cytolytic T lymphocyte (CTL)-mediated cytotoxicity as several studies using FasL-or perforin/granzyme-deficient mice suggested that CTL-mediated cytotoxicity plays a role in the CD8 ϩ -mediated, MHC class I-mismatched GVHD model. 5, 8, 9 Recent studies have demonstrated that FasL and perforin not only are the principal cytotoxic effector molecules, but also are involved in homeostatic regulation of CD8 ϩ T cells. The role of Fas/FasL in lymphocyte homeostasis was clearly established with the recognition that functional null mutations in these proteins were associated with exacerbated autoimmune disease. 10, 11 Perforindeficient mice have essentially normal immune homeostasis. However, considerable evidence indicates the existence of a perforin-dependent mechanism to regulate the magnitude of CD8 ϩ T cell expansion in models as diverse as GVHD, viral and bacterial infections, and dendritic cell (DC) immunization. [12] [13] [14] [15] [16] [17] [18] [19] The present studies demonstrate that CD8 ϩ T cells lacking the major cytotoxic pathways can induce GVHD across an MHC class I-only disparity. Moreover, we also found that both perforin and FasL contribute to the regulation of alloreactive CD8 ϩ T cell expansion and contraction during the acute period of GVHD in this model.
Materials and methods

Mice
Female C57BL/6 (B6, H-2 b ), B6.C-H2 bm1 /ByJ (bm1), C57BL/6-Prf1 tm1Sdz /J (pfp Ϫ/Ϫ , H-2 b ), and B6Smn.C3-Tnfsf6 gld /J (gld, H-2 b ) mice were purchased from the Jackson Laboratories (Bar Harbor, ME). The bm1 mice possess a mutant class I allele that differs from B6 mice. C57BL/6 cytotoxic double-deficient (perforin and FasL) mice (cdd, H-2 b ) were generated from the breeding of pfp ϩ/Ϫ gld pairings as described previously. 7 The offspring were then screened for homozygous perforin deficiency by polymerase chain reaction (PCR) as previously reported 20, 21 to select for pfp Ϫ/Ϫ gld (ie, cdd). The cdd mice (6 to 8 weeks old) were maintained in pathogen-free conditions in the Department of Microbiology and Immunology at the University of Miami School of Medicine. gld and cdd mice were used as donors before the age of 9 weeks after a flow cytometric analysis confirmed that there was no evidence of accumulation of CD3 ϩ CD4 Ϫ CD8 Ϫ B220 ϩ T cells in their spleens. The age range of mice used as other bone marrow (BM) transplant donors and recipients was between 8 and 12 weeks.
BMT
Mice underwent transplantation according to a standard protocol described previously. 4 Briefly, mice were irradiated again with 13 Gy total body irradiation (TBI), split into 2 doses, and injected with 2 ϫ 10 6 CD8 ϩ splenic T cells with 5 ϫ 10 6 T-cell-depleted (TCD) BM cells from wild-type (wt) B6 donors after 13-Gy total body irradiation (TBI). CD8 ϩ T cells were negatively isolated by using CD4, DX5, MHC class II, and CD11b Micro Beads and the auto magnetic-activated cell sorter (MACS) following nylon wool purification of T cells from splenocytes.
Systemic and histopathologic analysis of GVHD
Survival after BMT was monitored daily and the degree of clinical GVHD was assessed weekly by a scoring system that sums changes in 5 clinical parameters: weight loss, posture, activity, fur texture, and skin integrity (maximum index ϭ 10) as described. 22 This score is a more sensitive index of GVHD severity than weight loss alone in multiple murine models. 22 Acute GVHD was also assessed by detailed histopathologic analysis of liver, intestine, and skin, as described. 23, 24 The degree of cell infiltration in tissue was assessed by a scoring system incorporating 4 parameters: cell infiltration in portal triada, bill ducts/ductules, vascular, and hepatocellular area. Slides were coded without reference to mouse type or prior treatment status and examined systematically by a single pathologist (C.L.) using a semiquantitative scoring system. 23, 24 Mixed leukocyte reactions Splenic CD8 ϩ T cells and dendritic cells (DCs) were isolated using CD8 and CD11c Micro Beads, respectively. The purity of the CD8 T cell and DC suspension was more than 90%. CD8 ϩ T cells were used as responders at 
Flow cytometric analysis
A flow cytometric analysis was performed using fluorescein isothiocyanate (FITC)-, phycoerythrin (PE)-, or allophycocyanin-conjugated monoclonal antibodies (mAbs) to mouse CD45.1, CD3, CD4, CD8, B220, and CD11c (BD Pharmingen, San Diego, CA). Cells were preincubated with 2.4G2 mAbs to block Fc␥ receptor, and were then incubated with the relevant mAbs for 30 minutes at 4°C. Finally, cells were washed twice with 0.2% bovine serum albumin in phosphate-buffered saline (PBS), fixed with 1% paraformaldehyde in PBS and analyzed by EPICS Elite ESP cell sorter (Beckman-Coulter, Miami, FL). Irrelevant immunoglobulin G 2a/b mAbs were used as a negative control. For analysis of donor cell apoptosis, spleens from recipient mice were harvested 10 days after transplantation and stained with PE-CD8, then washed with PBS, and then stained with FITC-conjugated annexin (R&D Systems, Minneapolis, MN) in the dark for 15 minutes at room temperature. Donor cell apoptosis was identified based on double staining for CD8 and annexin.
Enzyme-linked immunosorbent assay (ELISA)
ELISA for interferon-gamma (IFN ␥) and tumor necrosis factor-alpha (TNF ␣) (BD Pharmingen) was performed as described. 25 Samples and standards were run in duplicate.
Statistical analysis
The Mann-Whitney U test was used for the statistical analysis of in vitro data, while the Wilcoxon rank test was used to analyze survival data. Linear regression and analysis of covariance were used to quantify the relationship between 2 variables. P less than .05 was considered statistically significant.
Results
Cytotoxic double-deficient CD8 ؉ T cells cause acute GVHD
Previous studies have shown that lack of either the perforin (pfp Ϫ/Ϫ ) or FasL (gld) in donor T cells significantly reduced GVHD following nonmyeloablative conditioning in a murine model. 26 We evaluated the role of each pathway in donor CD8 ϩ T cells during GVHD following myeloablative conditioning in a donor-recipient strain combination that differs at a single MHC class I antigen. 27 bm1 mice received 13 Gy total body irradiation (TBI) on day 0 and then received transplants of 5 ϫ 10 6 TCD BM from wt B6 and 2 ϫ 10 6 CD8 ϩ T cells from either wt, gld, or pfp Ϫ/Ϫ B6 donors; survival at day 30 after BMT was similar in all donor groups (8/10, 8/10, and 9/10, respectively). We analyzed histologic changes of GVHD at day 30 in the liver and intestine using a semiquantitative pathology index ("Materials and methods"). As shown in Figure 1 , GVHD damage in target organs did not differ among donor groups, although histologic damage in all groups was relatively high due to the young age of recipients. Therefore, the deficiency of a single cytotoxic effector molecule in CD8 ϩ donor T cells did not reduce GVHD in this BMT model following myeloablative conditioning.
We next evaluated cytotoxic double-deficient (cdd) CD8 ϩ T cells in this GVHD model. The bm1 mice received transplants as before from wt or cdd B6 donors. Surprisingly, cdd CD8 ϩ T cells caused more rapid mortality than wt donor cells (Figure 2A ). Histologic GVHD damage in the liver and intestine was also significantly greater on day 30 after BMT in recipients of cdd T cells ( Figure 2B ). We next evaluated inflammatory cytokines associated with acute GVHD. Compared with wt cells, cdd donor T cells caused dramatic increases in serum levels of IFN ␥ and TNF ␣ on day 30 even though single cytotoxic deficient donor cells did not ( Figure 2C ).
Cdd T cells exhibit prolonged expansion to alloantigen stimulation in vivo and in vitro
Because recipients of cdd cells showed dramatic increase in serum levels of inflammatory cytokines and recipients of single deficient cells did not, we hypothesized that a mechanism in addition to CTL toxicity might be operative in the induction of GVHD. FasL and perforin not only are important effector molecules of CTL, but they also are involved in homeostatic regulation of CD8 ϩ T cells. [17] [18] [19] In this light, we hypothesized that cdd T cells proliferated to a greater extent than wt cells, causing increased cytokine production and more severe GVHD. We thus compared in vivo expansion of donor T cells in recipients of allogeneic CD8 ϩ T cells from wt, gld, For personal use only. on April 9, 2017. by guest www.bloodjournal.org From pfp Ϫ/Ϫ , and cdd donors. T cells from wt donors expanded in the spleen until day 10 after BMT, followed by a rapid decline (contraction phase) ( Figure 3A) . gld T cells showed similar kinetics as wt T cells, whereas the pfp Ϫ/Ϫ T cells showed a significantly greater peak on day 10 but also contracted by day 30. By contrast, cdd CD8 ϩ T cells expanded continuously up to day 30 after BMT, peaking at 100 times the number of wt T cells. Flow cytometric analysis of intracytoplasmic cytokines revealed that a greater proportion of cdd CD8 ϩ T cells produced IFN ␥ and TNF ␣ compared with wt T cells (P Ͻ .05, Figure 3B ), consistent with the increased serum levels of these cytokines. We then analyzed whether GVHD damage correlated with the number of infiltrating mononuclear cells. We chose the liver for this evaluation because of the large dynamic range of cellular infiltration in this target organ, incorporating portal triads and bile ducts/ductules as well as vascular and hepatocellular areas. As shown in Figure 3C , the amount of hepatic tissue damage correlated closely with the degree of cellular infiltration (P Ͻ .01). Taken together, these data demonstrate that the absence of both cytotoxic pathways led to increased donor CD8 ϩ T-cell expansion and greater cytokine production, causing greater GVHD target organ damage.
Deficiency of both perforin and FasL causes decreased apoptosis of donor CD8 ؉ T cells after BMT
We next evaluated whether the increased expansion of cdd T cells was due to more rapid proliferation or to decreased activationinduced cell death (AICD). CD8 ϩ T cells were isolated from wt and cdd mice and were cultured with DCs isolated from bm1 mice. Proliferation of both cell types was equivalent for the first 48 hours of culture. Proliferation of wt cells peaked at 72 hours after the initiation of culture and then declined; in contrast, proliferation of cdd CD8 ϩ T cells continued to expand at least up to 96 hours ( Figure 4A) .
We next harvested spleens on day 10 after BMT and analyzed donor T cells by 2-color flow cytometry for annexin as a measure of apoptosis. As shown in Figure 4B , percentages of apoptosis of pfp Ϫ/Ϫ and gld CD8 ϩ T cells were comparable with wt cells (P ϭ .27 and .51, respectively). In contrast, cdd donor CD8 ϩ T cells showed significantly less apoptosis (P Ͻ .05), demonstrating that impaired AICD in cdd T cells results in their greater expansion.
Discussion
Little is known regarding the regulation of the contraction phase of CD8 ϩ T cells after alloantigen stimulation. The present study demonstrates that both perforin and FasL are required for the normal AICD-mediated contraction of activated CD8 ϩ T cells during GVHD following myeloablative conditioning. Absence of either of these pathways alone did not affect AICD and did not reduce GVHD. Our findings are consistent with those of Spaner et al 12 and others who reported that pfp Ϫ/Ϫ CD8 ϩ T cells proliferate , small intestine; upper column, large intestine), and skin were harvested and scored semiquantitatively (n ϭ 4/group). B6 3 B6 (syn; Ⅺ), wt B6 3 bm1 (wt; u), and cdd B6 3 bm1 (cdd; s). (C) Serum cytokines. Mice received transplants of wt, pfp Ϫ/Ϫ , gld, or cdd as in Figure 1 and were killed on day 30 (n ϭ 3 mice/group). Serum was harvested and analyzed for TNF ␣ and IFN ␥ by ELISA (pg/mL). Each graph represents 1 of 3 similar experiments. Data represent mean Ϯ SD. wt versus cdd, *P Ͻ .05 by Mann-Whitney U test. For personal use only. on April 9, 2017. by guest www.bloodjournal.org From more than wt CD8 ϩ T cells after transfer to allogeneic mice even though most pfp Ϫ/Ϫ CD8 ϩ T cells are eliminated in the contraction phase. 28 Unlike Fas-mediated AICD in CD4 ϩ T cells, the role of Fas/FasL on the homeostasis of CD8 ϩ T cells appears to be minimal. [29] [30] [31] The absence of both pathways leads to the unrestrained expansion of CD8 ϩ T cells, causing more severe GVHD. Although the involvement of IFN-␥ and/or TNF-␣ in homeostasis in CD8 ϩ T cells after BMT remains to be determined, 32 these effects appear to be overshadowed by the 2 cytotoxic pathways. These findings support the findings of Marks et al, demonstrating that these cytolytic molecules must be present in donor CD8 ϩ T cells to regulate the contraction of alloreactive CD8 ϩ T cells after transplantation (L. Marks, E. R. Podack, R.B.L., Donor T cell contraction following MHC-mismatched allogeneic bone marrow transplantation requires CD8 mediated perforin and FasL dependent regulation, manuscript submitted).
The current results sharply contrast with the study by Braun et al 26 demonstrating that the absence of either pathway in donor T cells reduced GVHD and that the absence of both pathways completely abrogated GVHD lethality. That study used a nonmyeloablative conditioning regimen and demonstrated the important role of host immune cells containing perforin to prevent donor T cell expansion critical to the induction of GVHD. 6, 26 The use of a myeloablative regimen in the current study probably reduced the host-versus-graft response to an insignificant level, magnifying the role of the cytotoxic pathways in AICD.
Perforin deficiency could enhance CD8 ϩ T cell expansion through decreased killing of APCs, resulting in prolonged stimulation of additional naive T cells. 33, 34 Therefore, we determined whether the absence of cytolytic effector function permitted longer survival of host DCs, resulting in greater stimulation of donor T cells. Host DCs were not detected, however, in either the spleen, BM, or gut of any recipients of CD8 ϩ T cells on day 6 after BMT (data not shown). Recently, Merad et al 35 demonstrated that donor T cells eliminated host Langerhans cells (LCs) through a FasL-dependent cytolytic mechanism and that persistent host LCs could stimulate skin GVHD. Although host LCs might persist and play a role in skin GVHD in cdd recipients, our data suggest that the residual skin LCs are not responsible for the unrestrained expansion of only cdd cells because no such expansion was observed in recipients of gld cells ( Figure 3A ). In addition, we created BM chimeras (bm1 into B6) that would express allogeneic MHC class I only on BM-derived APCs and not on target epithelial cells, as described in a previous study. 4 B6 cdd T cells induced lethal GVHD in these chimeras (mean survival time [MST]: day 30) similar to wt bm1 recipients, confirming that persistent alloantigen expression on host cells did not account for unrestrained expansion of cdd cells.
In summary, our data suggest that in the CD8 ϩ -mediated GVHD, the lack of both perforin and FasL impaired AICD, causing unrestrained expansion of CD8 ϩ T cells and lethal immunopathology of GVHD.
